The Japan Fibrous Mineral Research Association (JFMRA) provides standard ®brous materials consisting of man-made mineral ®bres (MMMFs), whiskers and a natural mineral ®bre. In this research, the BET surface areas (SA BET ) of JFM standard samples as well as some other natural mineral ®bres were measured by krypton gas adsorption. Calculated surface areas (SA cal ) were calculated from the measured length and width of individual ®bres. Obtaining the ratio of SA BET ±SA cal for each sample, we examined its applicability to the evaluation of surface roughness of ®bre, because the large ratio could be obtained for rough surface ®bres. The ratios of MMMFs were about 1.0 re¯ecting their smooth surfaces. Meanwhile the ratios of some whiskers and natural mineral ®bres were in the range of 1.3±2.4 implying rough surfaces. Our earlier observations of the ®bre surfaces by electron microscopy support that some ®bres with rough surfaces have a large value of the ratio. The ratio of SA BET ±SA cal is a method of quantitative measurement to evaluate surface roughness of mineral ®bres, which will be used as a parameter to assess their biological eects. #
INTRODUCTION
Various biomedical studies have been carried out on asbestos and some other ®brous minerals. However, the induction mechanisms of lung diseases, such as lung cancer and mesothelioma from inhalation of ®brous minerals have not been clearly understood. Pott (1980) , Stanton, et al. (1981) and others, reported that thinner and longer ®bres with high biopersistence are important parameters correlated to have higher potential in carcinogenicity. Inhaled particles ®rstly encounter cells and interact with the cell membranes. Sakabe et al. (1960 Sakabe et al. ( , 1961 Sakabe et al. ( , 1998 and Koshi, et al. (1961) showed an important phenomenon that silica particles with crystalline surfaces have stronger cytotoxicity than those with amorphous surfaces. It is also widely known that certain mineral particles cause cell death when digested but other mineral particles of similar chemical composition, size, and surface area do not. Wiessner et al. (1988) examined various biological activities of dierent particulate types of silicon dioxide and titanium dioxide and concluded that the spacial con®guration of surface oxygen atoms may be an important parameter in determining a crystal's biological activity. Considering these reports, we postulated that certain surface properties of inhaled ®bres, such as roughness or smoothness, or microstructure, would have an aect on ®bre-cell interactions in addition to the characters of ®bre size and biopersistence.
When mineral ®bres are observed by transmission electron microscopy (TEM) from the direction perpendicular to the ®bre axis, most of them appear smooth and straight. However, we revealed that some ®bres have a very irregular rough surface when observed from the direction of ®bre axis with a special specimen preparation method (Kohyama et al., 1997a . If we can determine the surface roughness quantitatively, the data might be useful for determining the potential of the biological eects. Naumann and Dresher (1966) obtained surface areas of chrysotile by the BET method (Brunauer et al., 1938) with N 2 adsorption at liquid nitrogen temperature (77 K) and compared its cylindrical ®bre morphology with the calculated value. For amosite and chrysotile, the surface areas and pore size distributions were obtained by nitrogen and argon adsorption (Gorski and Stettler, 1974) , and by water and benzene adsorption (Gorski and Stettler, 1975) . For man-made mineral ®bres (MMMFs), which are expected to have relatively small surface areas compared to asbestos or some other mineral ®bres, there are no available data of surface area except that those of Christensen et al. (1993) .
In this study, we carried out measurement of surface areas of JFM standard ®bre samples6 and some natural mineral ®bres by the BET method using krypton gas adsorption. The physico-chemical characters of the ®bres including ®bre size had been reported (Kohyama et al., 1996 (Kohyama et al., , 1997b . The surface area measured by BET method (SA BET ) was compared with the calculated surface area (SA cal ) based on the measured ®bre size of length and width assuming two ®bre shape models and smooth surfaces. It is expected that when the observed SA BET of a mineral ®bre sample is larger than SA cal , the ®bres have irregular or rough surfaces. Kohyama et al. (1997a) , geometric means and standard deviations; 9 Surface areas obtained from nitrogen adsorption results.
6JFM standard sample set is distributed free of charge from the Japan Fibrous Minerals Research Association (JFMRA) to the researchers. JFMRA: Japan Industrial Safety and Health, Occupational Health Service Center, 5-33-7, Shiba, Minato-ku, 108, Japan M. Ono-Ogasawara and N. Kohyama 506 Consequently, we examined whether the ratio of observed surface area to calculated value can show the surface roughness of mineral ®bres.
MATERIALS AND METHODS
Fibre samples examined in this study are MMMFs, whiskers, some asbestos and natural mineral ®bres (Table 1) . MMMFs, whiskers and WO1 (wollastonite) are JFM samples (see footnote 6) prepared for biological study and provided from the Japan Fibrous Mineral Research Association (JFMRA). For the MMMF sample, the content of the non-®brous fraction was minimized in preparation by the following method. Shot particles in raw rock wool were removed by air elutriation method prior to the next shooting, and longer rock wool were shortened under controlled pressure and operation time to obtain ®bres with a certain length. The geometric means and standard deviations of length and width of these samples were quoted from previous publications (Kohyama, et al., 1996 (Kohyama, et al., , 1997b . Glass wool (GW1) and rock wool (RW1) were sprayed with phenolic resin binder and with mineral oil, respectively, during production. RW1 was washed with xylene and ethanol and dried beforehand to remove the oil on the surface. The other glass wool (GW2) is a binder-free sample specially prepared at the same plant as GW1. All samples except GW1 were pretreated at 393 K and at pressure less than 1 Â 10 À3 mmHg for 10 h prior to the surface area measurement. GW1 was treated at 573 K for 10 h to remove phenolic resin completely.
The surface area was measured by an automatic surface area measurement instrument (BELSORP 36, Bel Japan, Osaka, Japan) with krypton at 77 K, except chrysotile (CHR) and anthophyllite (ANT). CHR and ANT were remeasured with nitrogen, because these two samples have such large surface areas they could not be measured with krypton. Using this instrument, sample pretreatment, pressure measurement, feed of adsorbate and liquid nitrogen, and surface area calculation are performed automatically as programmed. SA BET was determined with a maximum correlation coecient by a least-squares method.
In the BET method, surface area is calculated from adsorbed gas volume, which is calculated from pressure dierence, and volume of the sample cell. When measuring a small surface area, less than 5 m 2 per g, the BET method needs to measure quite small pressure dierences. Nitrogen (760 mmHg) has more than 250 times the vapour pressure of krypton (3 mmHg) at liquid nitrogen temperature. If the same number of molecules adsorb on a small surface, the accuracy of measuring the pressure dierence of krypton is much larger than of nitrogen (Kei, 1965) . It is better to use krypton as adsorbate for measuring small surface areas with high sensitivity. In this experiment, krypton was used as an adsorbate for ®bre samples expected to have small surface areas.
To calculate the surface area, we assumed two dierent models of ®bre shape based on the observed features by scanning electron microscope (SEM) and TEM. Typical ®bre shapes observed by SEM are shown in Fig. 1(a,b) GW2 and PT1, respectively. These are representative of each model: one is a cylindrical shape [ Fig. 2(a) ] for MMMFs M. Ono-Ogasawara and N. Kohyama 508 and chrysotile; and the other is a quadratic prism [ Fig. 2(b) ] for whiskers and natural mineral ®bres except chrysotile. No further detail was assumed for calculation of surface area. For each model, the surface area of ®bre was calculated by the following equations.
Cylindrical model:
Quadratic prism model:
where SA cal is the calculated surface area (m 2 /g), W is the Width (mm), L = Length (mm), r is the Density (g/cm 3 ). Length and width data used in this calculation had been measured previously by TEM on 300±400 ®bres, with length/width (aspect ratio)r 3 (Kohyama, et al., 1996 (Kohyama, et al., , 1997b .
RESULTS
Adsorption isotherms measured for these ®bre samples showed BET type curves as shown in Fig.  3(a±f) . SA BET , SA cal and their ratios are shown in Table 1 .
When measuring SA BET , it is impractical to remove all the non-®brous fragments, with aspect ratios which are less than 3. SA BET becomes larger than SA cal because of the presence of non-®brous fragments and the dierence depends on the number of fragments. For example, the number of non®brous fragments of RF3 was almost half that of longer ®bres when counted on SEM photographs. If the number of fragments (mean size: 2 Â 2 mm) in RF3 is one-half of the longer ®bre (geometric mean size: 2.4 Â 11.0 mm), the fragments could increase SA BET by about 8.4%. Relative standard deviations of SA BET were less than 9.3% as shown in Table 1 . Although the contents of non-®brous fragments are dierent in the MMMF samples, we estimated that the error from SA BET measurement and from existence of fragments is at most from À10% to+20%. Samples having the ratio of SA BET ±SA cal more than 1.2 are considered to have a kind of rough surface and the reason for the roughness will be discussed later.
As shown in Table 1 , SA BET of MMMFs except refractory ®bre (RF3) coincide with SA cal within 20% error. This coincidence proved that MMMFs have smooth surfaces as expected, and also con®rmed that the calculation of surface area based on the measured ®bre size could provide considerably accurate values.
For whiskers, the ratio of SA BET ±SA cal varied from 0.89 to 2.39. TO1 and PT2 have smooth surfaces as previously observed by the high resolution TEM (HRTEM) observation . The obtained ratio of TO1 was 0.89, which is considered to show surface smoothness taking into account the 10% error of SA BET measurement. The ratio of PT2 was 1.07, showing smooth surface as expected. PT1 and SC1 showed large ratios of 2.3 and 1.3, respectively, which implies they have rough surfaces. The reason for this will be discussed later.
For natural mineral ®bres, all SA BET /SA cal values are much larger than 1, which show these natural mineral ®bres having rough surfaces.
DISCUSSION
For RF3, although it is expected to have a smooth surface, the value of the ratio was unexpectedly high at 1.4. Observation with SEM at high magni®cation, [Fig. 4(a) ], probably shows microstructure of crystal domains, and Fig. 4(b) shows a rough surface of a ®bre edge. Both microstructures of surface could increase SA BET value. Furthermore, even though RF3 has a mullite crystal structure, the ®bre density shows only 2.9 g cm and this value is smaller than that of natural mullite crystal (ca. 3.1). As RF3 was produced by spraying with a dramatic temperature increase from 373 to 773 K, mixed gases in the material can escape in the process and a pore structure might be produced in the ®bre. There is still not enough evidence to explain the large value of the ratio of SA BET ±SA cal , but RF3 is suspected to have some inhomogeneity of surface. Two whisker samples of potassium octatitanate whisker (PT1) and potassium hexatitanate whisker (PT2) have similar chemical compositions and ®bre sizes. When observed by SEM, they showed a similar morphology of straight ®bres [ Fig. 5(a,b) ].
However, from the previous observation with HRTEM, it was revealed that the surface of PT1 ®bre is very rough, but PT2 is smooth . By the present evaluation, their degrees of surface roughness were very dierent, with ratios 2.39 and 1.07, respectively. The dierence of the surface roughnesses was quantitatively con®rmed.
The ratio of SA BET ±SA cal of silicon carbide whisker (SC1) was 1.33. This value exceeds the error range and it could have a rough surface. The high resolution SEM observation showed that SC1 consists of various shapes of ®bres; straight ®bre with clear steps of crystal growth perpendicular to the ®bre axis or wavy ®bre without steps as shown in Fig. 5(c) . The larger value would be derived from such a unique surface structure of silicon carbide whisker, which is also a type of surface roughness.
Natural mineral ®bres, as expected from SEM or TEM observations, have complicated cleavage or degraded surfaces due to weathering. As a famous example, the shape of a chrysotile ®bril is a hollow cylinder (Yada, 1967) with a large surface area because it has both an inside and outside surface (Naumann and Dresher, 1966) . In addition, chrysotile exists in ®bre bundles together with many ®brils that produce irregularly rough surfaces. Because of these results, the large ratio SA BET ±SA cal does not express exclusively surface roughness for chrysotile.
CONCLUSIONS
Surface areas of MMMFs, whiskers and natural mineral ®bres were measured with the BET method. The surface areas based on the ®bre size of length and width were calculated as well. The ratio of SA BET ±SA cal shows surface roughness of ®bres quantitatively and it could be one parameter to describe the surface property. If this value is more than 1.3, surface roughness not observed by a conventional electron microscopy might be indicated. We expect the degree of surface roughness of ®bres to be used in assessing their biological eects.
